The terahertz (THz) quantum cascade laser (QCL) provides a versatile tool in a plethora of applications ranging from spectroscopy to astronomy and communications. In many of these fields, compactness, single mode frequency emission, and low threshold are highly desirable. The proposed approach, based on line defects in a photonic crystal (PhC) matrix, addresses all these features while offering unprecedented capabilities in terms of flexibility, light waveguiding, and emission directionality. Nine line-defect QCLs were realized in a triangular lattice of pillars fabricated in the laser active region (AR), centered around ∼2 THz by tuning the photonic design. A maximal 36% threshold reduction was recorded for these ultraflat dispersion line-defect QCLs in comparison to standard metal-metal QCL. The mode selectivity is an intrinsic property of the chosen fabrication design and has been achieved by lithographically scaling the dimension of the defect pillars and by acting on the PhC parameters in order to match the AR emission bandwidth. The measured line-defect QCLs emitted preferentially in the single frequency mode in the propagation direction throughout the entire dynamic range. An integrated active platform with multiple directional outputs was also fabricated as proof-of-principle to demonstrate the potential of this approach. The presented results pave the way for integrated circuitry operating in the THz regime and for fundamental studies on microcavity lasers.
I. INTRODUCTION
Quantum cascade lasers (QCLs) are well-established, compact semiconductor sources of coherent infrared and terahertz (THz) radiation. The fact that the vibrational and rotational resonances in many molecules lie in the THz region makes QCLs very attractive devices for applications in imaging, 1 spectroscopy, and sensing. 2 In all these applications, a well-defined single frequency mode of operation is an important, when not mandatory, requirement. The typical THz QCL emission exhibits a Fabry-Pérot multimode lasing spectrum over a ∼200 GHz bandwidth. Traditionally, the single mode operation has been achieved by engineering frequency selective devices, such as distributed feedback resonators. 3 This concept has been extended in two dimensions by implementing surface emitting photonic crystals (PhCs) 4, 5 for vertical emission and for in-plane emitters by placing photonic crystals in front of laser facets. 6 A popular and interesting approach to achieve light extraction almost longitudinal to the laser cavity was reported by using a third order Bragg grating as the frequency selective element. 7 Metasurface QCL VECSELs have been proved as an alternative viable route for shaping the beam emission. 8 The frequency selectivity in these approaches normally increases the laser current threshold by introducing extra radiative channels.
A low emission threshold while ensuring a single frequency operation is crucial in limited electrical power environments, such as astronomy, where THz QCLs serve as local oscillators in heterodyne receivers in air-borne and space applications. 9, 10 THz QCLs operating on the flat band edge of a PhC made of pillars etched in the active region (AR) were successfully demonstrated, 11, 12 showing lasing over large areas and omnidirectional emission. Conversely, laser cavities based on line-defect waveguides (LDWs) are expected to present an ultralow lasing threshold, 13 enriched frequency tunability, and unique features in terms of light directionality, e.g., virtually lossless bend waveguiding. For all the aforementioned features, photonic crystal waveguides have been proposed as the basis for an integrated THz platform comprising active and passive components for future terahertz communication systems. [14] [15] [16] This work is focused on LDW THz QCLs, fabricated by using similar techniques as reported in Refs. 11 and 12. Differently, lasing occurs in the modes supported by the defects introduced in a PhC matrix. These devices exhibit single frequency emission and low current threshold density J th compared to commensurate metal-metal (MM) QCLs of equivalent area that display multimode operations and are in agreement with previously reported THz PhC QCLs. The proposed LDW concept was extended to integrate QCLs in active photonic circuits. This is a unique and fundamental feature offered by this approach that cannot be reproduced in standard QCL ridges or omnidirectional PhCs. Finally, the line-defect (LD) architecture offers an excellent platform to study fundamental effects such as slow-light, Purcell enhancement, 17 or the investigation of nonconventional microcavity lasers. 18, 19 
II. DESIGN OF LDWs IN PHOTONIC CRYSTAL QCLs
For THz QCLs, intersubband selection rules yield TM emitted light polarization. A lattice of high refractive index pillars in a low index medium gives rise preferentially to a TM photonic bandgap. 20 A triangular lattice of pillars etched in the AR was chosen since it yields the widest possible bandgap. 20 LDW QCLs were realized with 1 line, 3 lines, and 5 lines of regular pillars separating the defects, corresponding to the defect order D1, D3, and D5, respectively, as shown in Figs. 1(a)-1(c). The bandgap size depends on the refractive index contrast between the pillars and the surrounding medium and on the r/a ratio, where r is the pillars' radius and a (|a 1 |=|a 2 |=|a|) is the lattice constant, as shown in Fig. 1(d) . The refractive index n AR of the pillars is given by the active region material (GaAs/AlGaAs); all the calculations were performed assuming an effective index n AR = 3.6. The pillars are embedded in a low refractive index medium such as benzocyclobutene (BCB), 19, 21 which has a refractive index n BCB = 1.55. Figure 1 (e) shows a typical LDW after the BCB planarization, before the evaporation of a metallic top layer for the electrical contact of the pillars. For these refractive indices, the maximum achievable relative bandgap Δω/ω 0 is ∼0.3 at r/a = 0.25, where ω 0 is the gap middle frequency. At a central frequency of ω 0 = 2π × 2 THz, this corresponds to an absolute gap width of 0.6 THz. The frequency range between 2 and 3 THz is particularly interesting for gas spectroscopy, as numerous molecules exhibit rotational and vibrational resonances in this frequency region. Bound-to-continuum QCL active regions are known to have low thresholds and, therefore, were chosen for this work. A bound-to-continuum design with the central frequency around 2 THz was used in this work because of the continuous wave operation and low J th of ∼200 A cm −2 (Ref. 22 ) as well as material availability. However, this approach is fully compatible with different ARs, and the photonic design can be scaled to match the emission at higher frequencies. Furthermore, this frequency range was chosen because of the less stringent fabrication accuracy requirements. The gap middle frequency was engineered to be around 2 THz, by setting the lattice constant a in the range of 42-46 μm. Figure (d) shows in more detail the defect area and identifies the main parameters of the PhC structure, such as the vectors on the direct triangular lattice, a 1 and a 2 , the radius of the regular and defect pillars, r and R, respectively, as well as the line orientation. Figure (e) shows a typical line-defect QCL after the BCB planarization, leaving only the tops of ∼14 μm-tall pillars exposed.
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III. OPTICAL MODES IN LDWs
Introducing a series of defects in the photonic lattice allows waveguiding, due to the conservation of crystal momentum. The modes supported by the defect are normally classified depending on the E-field nodes in the defect volume, e.g., a "dipole" mode exhibits two peaks of the E-field. Conventionally, a monopole mode is achieved for TM light in a rod lattice, by reducing the pillars' size. A reduction in the pillars' radius would affect the AR volume, which is clearly an undesirable feature in the design of a laser structure. However, because of the large bandgap achievable in these PhC lattices, defects with radius R > r can support higher order modes, including a degenerate monopole, having only one E-field maximum in a larger volume, suitable for lasing in a LDW. The photonic band structure of the triangular lattice as well as the defect modes were calculated with the MIT Photonic Bands software. 23 Because of the total confinement provided by the metal-metal (MM) waveguide, the system was simulated considering only the emission plane in two dimensions. A supercell (SC) was used for the defect calculation that included a defect surrounded by four pillars with periodic boundary conditions. The results of the simulations are summarized in Fig. 2 for a lattice constant a = 44 μm and r/a ratio of 0.25. Because of the large bandgap achievable in these PhC systems, a defect with radius R > r supports four different modes in the range of 27-31 μm, namely, dipole, quadrupole, monopole, and hexapole. The frequency dependence of these modes at different values of the R/a ratio is reported in Fig. 2(b) and their E-field distribution in Figs. 2(c)-2(f). The "monopole" mode is in fact a superposition of higher order modes. The dipole and quadrupole are degenerate due to the symmetry of the crystal. In order to quantify the energy concentration of the modes in the active material, the overlap Γ, defined in Eq. (1) as
was calculated for the different modes supported by the large defect radius. The integral of the E-field norm |E| in the numerator is calculated over the pillars (AR, the active region), while the integration in the denominator is performed over the whole supercell, and ϵ is the dielectric constant. The calculated Γ for the monopole is approximately 0.89, and for the closest other mode-hexapole-it is reduced to 0.7. Only these modes fall within the bandwidth of the active medium; therefore, it was assumed that only the monopole is the preferential emission mode. This mode exists only in a short range of defect radii from R = 0.58a to R = 0.7a (larger radius defects would touch the surrounding small pillars), which correspond to 25.5 μm and 31 μm, respectively, for the chosen lattice constant of a = 44 μm.
IV. LDWs FABRICATION
LDW QCLs were fabricated from a bound-to-continuum active region emitting at 2 THz, with a gain bandwidth of ∼100 GHz. It was wafer-bonded to a GaAs substrate, which was subsequently polished and etched, as is done routinely for MM processing. A metallic mask was defined by means of optical photolithography, and layers of Ti/Au/Ni (10 nm/500 nm/100 nm) were thermally evaporated. Nickel served as a sacrificial layer for the reactive ion etching (RIE) process. Approximately 14 μm-tall pillars were etched using a JLS Designs RIE80 tool, using SiCl 4 :Ar process gases in 6:10 sccm proportion. The etch rate was 100 nm/min. The PhC matrix was then planarized with BCB by using techniques and procedures already described in Ref. 19 . The BCB provides a robust and stable matrix with low THz absorption and an excellent compatibility with several thermal cycles. In order to clean the top of the pillars from BCB and obtain a flat BCB surface around the pillars, the polymer was etched down chemically in an O 2 :CHF 3 (30:20 sccm) atmosphere. Finally, the top Ti/Au (10/300 nm) contact was evaporated, and the lasers were cleaved and mounted on copper blocks for efficient heat extraction and wire-bonded to allow the device biasing and electrical transport. The reported devices were 0.5 mm long and ∼0.2 mm wide. The LDWs have 12 rows of pillars on each side of the LD to ensure total light confinement. According to the simulations performed, 5 rows are sufficient to completely block light transmission in this PhC system. The outer three pillar rows were not covered by metallic top contact, thus reducing the possibility of shorting the device and providing absorbing boundaries to prevent lateral mode lasing. A reference MM laser was cleaved into a ridge of a comparable area of 1 mm × 85 μm. A second MM laser with similar size was fabricated yielding consistent values of the threshold current density, spectral emission, and maximum operating temperature T Max .
V. LDWs CURRENT DENSITY THRESHOLD
The light-current-voltage (LIV) characteristics of all the QCLs were acquired with a Tydex Golay cell and a lock-in amplifier gated at 9 Hz, with QCLs typically pulsed at 100 kHz repetition rate and 30% duty cycle. The LIVs as well as the spectra of the QCLs showed in the paper were all acquired at 4 K. Figure 3 shows the results for one representative D1 LDW device with r/a = 0.25 and R = 28.3 μm compared to the reference MM QCL. The LDW light intensity curves show a narrower and more uniform dynamic range than those in MM devices. The calculation of the current density J th in photonic crystal lasers is a nontrivial task. The standard method to calculate the current density takes into account the area of all the pillars covered by the top Ti/Au ("area" method). This approach is based on the assumption that the electrical transport is the same in all the pillars contacted, regardless of the overlap with the lasing optical mode. Alternatively, J th can be calculated by aligning current-voltage (IV) curves of a PhC device with a MM reference laser ("IV" method). Following a procedure similar to that in Ref. 11 and already reported in Ref. 19 , the IV curves of the LDW and reference MM were aligned prethreshold. This method of threshold estimation is illustrated in Fig. 3(a) : the MM and LDW data are plotted together, with these latter ones artificially shifted in order to match the prethreshold slopes of the two IV curves. This method yielded a current density threshold for the LDW of J th ∼ 180 A cm −2 , as shown in Fig. 3(a) . This figure is 23% lower than the reference MM device, where J th was calculated to be ∼235 A cm −2 . The results are commensurate with the first method, i.e., area estimation, which for the same representative device yielded J th of ∼130 A cm −2 , corresponding to a 40% reduction compared to the MM reference. The maximum operating temperature in LDW QCLs (T Max def ∼ 60-65 K) was only slightly lower than that of the reference MM device (T Max MM ∼ 75 K), similar to the reduction reported in Ref. 24 . This effect was mainly attributed to the increased optical power density in the LDWs. [25] [26] [27] It is worth stressing that the T Max recorded is compatible with this AR design, chosen because of the low threshold QCL design and the low emission frequency, which allows more relaxed lithographic definition of the pillars and gaps. However, the line-defect concept can be readily extended to higher T Max QCLs. The LIV characteristics of nine line-defect QCLs, three for each line-defect order (D1-D3-D5), were acquired in order to further investigate the J th reduction. The results of the calculated averaged J th (IV method) are shown in Fig. 3(b) , yielding a positive correlation between the current density reduction and the line-defect order. The minimal averaged threshold current density recorded for the D5 line defect is ∼150 A cm −2 , approximately a 36% reduction compared to standard MM QCLs, while the D1 line reported a 23% reduction. These values are consistent with the 17% reduction in the current density threshold reported in Ref. 11 and 15% in the hyperuniform cavity THz QCLs demonstrated in Ref. 19 . A current density reduction was observed also in the microcavity design in Ref. 18 , but within the experimental precision of the measurements. Surface emitting PhC QCLs, as in Ref. 24 instead, offer a superior far-field emission, but to the expenses of a higher current density threshold compared to similar MM devices. The further reduction in the higher line-defect order is consistent with the theoretical framework developed in Ref. 28 to describe line-defect resonators. The reduction in current density threshold is attributed mainly to two different mechanisms. The first one is the strong modal confinement over volume comparable with the wavelength. The large radius defect pillar supports the monopole mode with higher overlap integral compared to other microcavity designs, 29, 30 which typically showed emission frequency on whispering gallery modes. Furthermore, the PhC matrix around the defects provides an (ideally) lossless scattering confinement. There is an extensive and acquired literature that links group velocity reduction with gain enhancement in LDWs. [25] [26] [27] [31] [32] [33] [34] The group velocity v g of the light propagating in the defect pillars is proportional to the coupling strength to adjacent defect cavities. A reduction in v g would increase the effective refractive index, thus leading to a higher electromagnetic field concentration and gain enhancement. Accordingly, J th decreases proportionally to the group velocity; ultraflat dispersions are provided by higher order line-defect QCLs, which present lower current density thresholds. A correct quantification of this effect would require a more precise fabrication, possibly with ICP-RIE instead of RIE for the pillars dry etching, since small imperfections are detrimental for the full achievement of ultraflat dispersion. Slow-light LDWs are known to be particularly susceptible to disorder, [35] [36] [37] which limit the attainable reduction in v g and are difficult to be inserted in the theoretical predictions even for passive waveguides. Other possible mechanisms responsible for the current density threshold reduction could be lower losses and Purcell enhancement. In-plane losses are reduced in PhC, as reported in Ref. 11 , because of the more favorable E-field distribution in the waveguide. The monopole mode is confined in a volume comparable to (λ/n) 3 , which might suggest a possible Purcell enhancement. However, the proposed approach is more consistent with LDWs rather than a single isolated microcavity. Therefore, the contribution arising from these latter two effects was considered marginal for this class of devices. Line-defect QCLs have a significantly lower effective lasing volume than ridge lasers-defect pillars are about 10% of the total device. QCLs emitting with high power levels, up to a few Watts, have been reported, 38 and the proposed approach is fully compatible with any AR design. The inherent difficulties in precisely and reproducibly cleaving the end of the LDWs affected the far-field emission patterns as well as the output powers recorded, although a maximum care was devoted in avoiding the cleavage of the LDWs in correspondence to the defects. Despite this, the devices showed a reproducible current density threshold reduction and controlled emission, which, together with the demonstration of a novel LDW THz active platform, are the main targets of this paper.
VI. LDWs SPECTRAL CHARACTERIZATION
The frequency spectra shown in Fig. 4 for the MM and linedefect QCLs of Fig. 3(a) were acquired using Fourier Transform Infrared (FTIR) spectrometer (Bruker, model IFS66v/S) and a liquid helium cooled bolometer as detector. The spectra of all the 9 QCLs could not be acquired because of their low output power and of the limited sensitivity of the FTIR available for these measurements. The standard MM QCL presents a multimode spectrum due to the Fabry-Pérot modes supported by the cavity, while the FIG. 4 . Spectra recorded at different bias for (a) MM QCL, showing multimode emission, and (b) the LDW QCL whose LIV is showed in Fig. 3(a) . In (b), the emission is single mode throughout all the laser dynamic range. The other fully characterized QCLs reported in Table I showed similar trends. line-defect QCL is single mode throughout all the dynamic range. All the measured line-defect QCLs were single mode, as expected from simulations, except one D3 QCL. This latter device was designed to emit around 2 THz but showed dual frequency emission around 1.88 THz and 1.91 THz. The frequency difference between the emitted modes, ∼30 GHz, is consistent with the frequency difference between monopole and hexapole modes supported by the LDW. These discrepancies were attributed to the nonoptimal photolithography/etching fabrication process. Nevertheless, this laser exhibited a reduced threshold, in agreement with the other 8 LDW QCLs, and the trend is shown in Fig. 3(b) . The performances of four fully characterized devices with different defect radii (R) and having different distances between defects (D) are reported in Table I . The LDW laser characteristics described in Figs. 3(a) and 4(b) correspond to the first D1 QCL reported in Table I . Although the limited dynamic range and the number of fully characterized QCLs available prevented a comprehensive discussion on the frequency control, the measured LDW QCLs point out the potentialities in geometrically controlled frequency tunability. Indeed, tunable single mode emission can be achieved by changing the defect radius, as it is demonstrated by the D1 QCLs reported in Table I , which were designed to emit in single frequency at 2 THz and 1.9 THz, in very good agreement with the measured emitted frequencies of 1.97 THz and 1.89 THz, respectively. The QCLs realized with a D5 line and reported in Table I exemplified the introduction of a line defect as an additional frequency control element to engineer the emitted frequency on top of varying the r/a ratio, as it is usually reported in the literature. The new features achieved in LDW QCLs can be expanded by designing on the same platform multiple defect lines, active and/or passive, capable of emitting and/or delivering light in different directions and at different frequencies.
VII. INTEGRATED THz ACTIVE PLATFORM
The proposed approach can be further exploited beyond the traditional straight-line design of QCLs and allows the introduction of (nominally) lossless waveguide angles. In order to investigate further this concept and highlight its potential, a more complex integrated active platform was designed, as shown in Fig. 5 . The basic device has the shape of a "T," where the "front" and "back" outputs are realized with D5 lines having radius R of 29.5 μm and 31 μm oriented along the Γ-M direction. The "side," instead, is a D5 LDW oriented along the Γ-K direction with a defect radius R of 27 μm. The radius r and the lattice constant a for the T-devices have been kept fixed to 11 μm and 44 μm, respectively. The side defect radius has been designed to allow only the quadrupole mode around 1.92 THz within the AR bandwidth, having the lowest overlap integral. In the front branch (R = 29.5 μm), only the monopole lies within the bandwidth of the AR at 1.96 THz. Finally, the "back" branch (R = 31 μm) was designed to accommodate two modes within the AR bandwidth, namely, the monopole at 1.93 THz and the hexapole at 1.955 THz. Two identical devices, namely T1 and T2, were fabricated according to the previously described procedure as for the straight defect line. The current density threshold values for the two devices were determined (IV method) to be 120 A cm −2 and 130 A cm −2 for T1 and T2, respectively, which is in good agreement with the results presented in Table I . The measured LIV curves from the three different outputs for the T1 device are presented in Fig. 6(a) . Since the three branches are all connected, the IV characteristics are identical within the experimental error. The power recorded from the three outputs has been normalized to the maximum value of the front output. The front output is almost twice as intense as the side output. The spectral characterization of the emission from the front branch is reported in Fig. 6(b) . Surprisingly, the spectra from the other outputs (not reported here) revealed the same single mode emission, which was attributed to the monopole mode supported by the front branch. The second T device instead has similar LIV characteristics but quite different spectra, as shown in Fig. 6(c) . The power from the back output was more than 5 times larger than the output from the front branch. The spectral content of the three outputs showed similar features and presented dual frequency emission for some voltage bias. The two emitted modes are separated by approximately 13 GHz, consistent with the hexapole and monopole modes supported by the back branch for this radius defect. It is interesting to notice the reproducible frequency-shift of the peak at 1.983 THz, ∼2 GHz. This feature was attributed to the interaction between the two modes and to a gain pulling effect, 39 or alternatively to a modification of the refractive index due to the lower frequency mode. The side branch does not seem to contribute to any active mode in these T-lasers but instead acts as a passive waveguide. The difference between the two T-devices has to be ascribed to the different, intrinsically difficult, cleaving of the laser facets.
VIII. CONCLUSIONS
In conclusion, a set of THz QCLs emitting around 2 THz was realized by creating line-defect waveguides in a triangular lattice of pillars. The proposed approach is based on larger radius defects, rather than conventional smaller radius defects used for waveguiding, thus profiting from a larger AR volume. The defects support a few modes, namely, monopole, hexapole, and quadrupole that can be lithographically tuned to match the AR emission bandwidth. The line-defect QCLs present some unique features compared to more conventional PhC QCLs, such as increased frequency selection capability and directionality, while retaining the typical low-threshold behavior of this kind of laser. Different QCLs were fabricated with a relative distance between the defects of 1, 3, and 5 lines of pillars to further investigate the origin of the low-threshold characteristics in these LDW lasers. The current density thresholds measured exhibit a clear reduction trend for higher order line defect, coherently with flatter dispersions yielding a maximum of 36% threshold reduction in comparison to standard MM QCLs. Finally, complex T-shaped integrated QCLs were fabricated by including multiple outputs in the same PhC matrix. The spectral content within these T-devices could be varied by lithographically acting on the defect and standard pillar radius and lattice constant without affecting the current density threshold. The controlled directionality, low threshold, versatility, and single frequency emission are essential features for the future miniaturization of these devices and their integration in active photonic platforms.
